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Gain Equalization of 4-Mode Erbium-Doped Fiber Amplifier Based on
Cladding Pump

2

Ruan Jiangran'?, Pei Li"*, Zheng Jingjing"?, Wang Jianshuai"’, Xu Wenxuan'?,
Li Jing"?, Ning Tigang"’
' Key Laboratory of All Optical Network and Advanced Telecommunication Network, Ministry of Education,
Beijing Jiaotong University, Beijing 100044, China;
* Institute of Lightwave Technology, Beijing Jiaotong University, Beijing 100044, China

Abstract Few-mode erbium-doped fiber amplifier (FM-EDFA) is a necessary repeater for long-haul mode division
multiplexing (MDM) optical fiber communication systems, and its differential modal gain (DMG) directly affects
the communication quality of the systems. In order to realize the gain equalization of different modes in FM-EDFA,
a layered erbium ion doped ring core fiber supporting 4-mode group in cladding-pumped condition is proposed, and
the pump mode is not considered. The ring core fiber is designed, and the DMG is reduced by controlling the change
of the mode distribution induced by the central recess and outer groove refractive index of the core, combining with
the well-designed doping radius and concentration of erbium ion. The results show that when erbium ions are doped
in double layers in the ring core, the maximum DMG is reduced from 0.8 dB (single layer and uniform doping) to
0.44 dB (double layers in the ring core). In the full C band (1530-1565 nm), the gain of the 4-mode group is
higher than 22 dB, the maximum DMG is less than 0.45 dB, and the noise figure is less than 5.3 dB. The cladding
pump structure is conducive to the realization of all-fiber connection of FM-EDFA, is easy to integrate with MDM
communication system, and gives full play to the all-optical compensation advantages of erbium-doped fiber
amplifiers.

Key words optical communications; fiber optics communications; few-mode erbium-doped fiber amplifier; ring

core fiber; gain equalization; cladding pump
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Fig. 1 Refractive index distribution, erbium ion doping distribution, and mode field distribution in ring core fiber.

(a) Refractive index distribution and erbium ion doping distribution in ring core fiber; (b) mode field distribution

4 i EER T

T LB 75y E 4B 22 G 2F VR S 3 250
2F R S M RE HEAT IR AR . AR S RIS A
U3 — 10 dBm, ELF K EHN 6 m, I E N
3W, BT iR &M 5 T 4 2 5% FM-
EDFA VERE 1Y 50

X or R B AR 5 AR R B ARG X DMG 15
AT THESE . B 2 BiR AR [EB 228 DMG Fifi
a, WA, W LLE . fE 1550 nm HEKAE 5
Ab B o) BIGIN, LP,, Y5 LP,, 520934 15 22 0%
A n, LP,, £ 5 LP, B3 25 2 M LP,, #L5
LP,, A58 25 22 2E R WG i, i 3% 4B BDOG £ 19 36
SRR N DMG (5. W, fERHE 4 B
O GO A e 128 b By TN Y - B 7 i
JEEF R ¥ 5118 22 45 K i FM-EDF A 45 452 5K 11
W ZWARTHEBRNEN. X a, =3.9 pm
i, FM-EDFA 1 # Kk DMG M 0.8 dB(H%5)#52)
M2 0. 44 dB(M 24 . Bifi 5 20000 )R B 0 A1
Bi5)48 2% 55 245 4 0] 4 105X 22 19 22 IR i 0 /)N
D5 AR B AL h R 2B 4 45 MRk
g A R AR FM-EDFA ) DMG,

T R AFRT 22 1 A ST 248 22 VA Al T 32 %) 728 Ak X
FM-EDFA ) DMG ¥ Wi & K. 3 HEm T
1550 nm {5 K 4k FM-EDFA 4 #i40 DMG B

1.0
0.8
an)
) 0.6
2
= 0.4
_»~  —s—uniform doping (LP -LP )
0.2 P —s—uniform doping (LP, -LP )
@t —e—uniform doping (LP, -LP, )
T = layered doping (LP '~LP,)
0 . =4 layered doping (LP, -LP )
-e layered doping (LP, ~LP )

3.8 4.0 4.2 44 4.6 4.8 5.0
a, /um

Bl 2 IFSIEE I DMG B o, 97281k
Fig. 2 DMG of ring core [iber varying with a,
An, Fl d AR A 2. ARG 07 B A5 R AT LAAR ik Y
LT IR, FM-EDFA i DMG Btk F LP,,
FLP,, BL3 45 25, HE ol 1. 41 dB, 5 K& 3 XTIk
ATRLE Yl G AT L 4 841 A9 DMG B & %
K. 4 An, /NT 0. 004 B}, FM-EDFA % DMG Fifi
HNRE ST d WEINTEARNWIBEAR . SR, 24 An, 3
JNZ 0,004, IR FEE 4 WEINZE 3.5 pm B, DMG
FEAR B B /MA 0. 43 dB, Y4 An, 4REE N2 0. 005
F10.006 B} , FM-EDFA ) DMG 43 51 7E d =2 pm
Md=1.5 pm &P Z Fe/ME 0. 46 dB F1 0. 48 dB,
SRJG DMG & Rl 58 5 o W3 hn . 7EOufk i ot
L5 S HN I RS A X R T R EN An, =
0.004, VG FEFEE N d = 3.5 pm WYIERE EAF5E T

0406001-4



E 4% F48/2022 F 2 B/RFFIR

DMG /dB
1.3350
1.2440

1.1540
1.0630
0.9730
0.8825
0.7920
0.7015
0.6110
0.5205
0.4300

%l 3 FM-EDFA 1) DMG B An, 1 d 1754k
Fig. 3 DMG of FM-EDFA varying with An, and d
FM-EDFA 4 #0240 (193 25 Fl DMG B 5 T 2 %2 1
A, A 4 R, D5 EE SRR, YR RN T
3 W B, 1550 nm 15 5 i 4 5452 2 10 1 25 Bl & AT
A A BB . AW 3 W B, 4 4K
KA1 25358 23,5 dB.DMG £524 0. 43 dB,
MR IR T 3 W A, R AR 1 25 2 W75 ot
THIFI, A, FM-EDFA % DMG Ffi % % i o %
A BT TR E HIR AR T 0,51 dB. X

30

28l T LP, .

26 .

: 1.0
M 22 m
E 0832
=20 g
S 18 T 06 :

1 PEITEIEPEIERE S

16 rk*--qd-,_*r\.ll‘_ .

14 +/«

12 .,
: i : . 5 0

Pump power /W
&l 4 FM-EDFA [} 25 fl DMG B 52 2 2 19 48 1k
Fig. 4 Gain and DMG of FM-EDFA varying with

pump power

(@ 25 1.0
24 e
23 Mos
22
821 0.6 2
S
=20 o <
T 047
18 —~—LP,,
——LP
17 21 0.2
16 BE
——DMG
15 0
1530 1535 1540 1545 1550 1555 1560 1565 1570
Wavelength /nm

2 WS T DR AP S % DMG B9 8285/

FLF K X FM-EDFA #1J% K & 1550 nm {7
SRR R 5 R, e E P E R
WHERN 3 W, [ LLFEH . FM-EDFA 4 £ 5 i 1
i Bl A G LR K B A BN AN . AR K R
F 6 m B}, 4 B PG 25385 23.5 dB, MOLLF
KBERTF 6 m i, B U0S 25 5 W s T of . 7Eo6er
KB R, LP, B i KB 25, LP,,
BA BN 45, 4 B4 K DMG £ il
LP,, fil LP,, B34 45 00, I HBEE LA KR
B, ARG 2K T 0. 55 dB.

30

27

2 4 6 8 10 12 14
Fiber length /m

[l 5 FM-EDFA [} 25 fl DMG B 6 2F K B 1) 48 1k
Fig. 5 Gain and DMG of FM-EDFA varying with
fiber length

K6 &yt 74159 8Kl AR
—10 dBm Hf ,FM-EDFA B35 m R . 5 3 2 R %
HH 3 W A KEREN 6 m, BENCARES
25 b, A0 ) A5E AR O 2R AR R RN AR A
6Ca)p ] LA 1, 7E 1530~ 1565 nm I K i Hl
WL LP,, HBEEA e KB 25, LP,, B A /My
RECHE 25 55 4 BCAL IS 25 T 22 dB, AR ALK
WIS T 1 dB, [RIAS . BE & 15 5 0K 0 1
i, DMG 5 3 R 5 98 /0 I 1R A T 0,45 dB. A

(b) >4
5.2
50t %

g 48 \\

£ 4.6 .,

& R

= 44 k\.'\

842 - .

S —=Ly ""‘-\_

Z 4.0 —~1LP, l\-\‘
3.8 A LP21 e
36p v LPy
1530 1535 1540 1545 1550 1555 1560 1565 1570

Wavelength /nm

K6 FM-EDFA A 4 #4061, ()3 45 F1 DMG; (b) W R %L
Fig. 6 Spectra of 4-mode group of FM-EDFA. (a) Gain and DMG; (b) noise figure

0406001-5



MR

E 4% F48/2022 F 2 B/RFFIR

Bl 6 (b ] LLA 4 B 45 5 19 e 75 R 30HE
1530~1565 nm i Bl WL F 5.3 dB, H AR
1 M P R B AE BN 25 5, LR TR (] — % RAN TR
PR PR AR Y AT 1R ASE ME 300 4 505 5 6 M T
I FM-EDFA AN [R]85 2 A9 §i ) ASE MRS I 2 B
BNz, A, it FM-EDFA H A K DMG
FEPE AR (11 20 a) AN [R]85 2 1 M 75 R B0 o)
A, BRI L fE 4 C U B, FM-EDFA HA kK
T 20 dB #9343 DL S BAR ) DMG TS R4
1 NP #E FM-EDFA 5 H fit FM-EDFA

PEREXT L, W LA L8 A SR R A A T B
{45 16 £F 25 44 4 7] LU I FM-EDFA ) DMG,
[F] B, B A =R N T 9 i 0SSR TS A i R
T REOR, B G A R AR, W
WA EREWEER RS GMAZ T REEX
YER . X b & 3, T 3 )2 2 FM-EDFA H
A AR DMG s 8] DA Sk H AT 52 3048 I 1) 14 25 34
g B I B NS T ROk K B & i MDM @ {5
RO, 1 LA BRI R G & 2% B, kN 42 & R 5
e M

# 1 Jrit FM-EDFA 5 HAlh FM-EDFA fPEREX H
Table 1 Performance comparison of proposed FM-EDFA and other FM-EDFAs

Fiber Scheme Signal mode DMG /dB  FM-EDFA
Step fiber Core pumping Chigh-order mode) LP,, LPy, 1. 20 Ref. [21]
Step fiber Layered doping & core pumping LP, ., LP,;, LP,,, LP,, 0. 50 Ref. [18]
Step fiber Layered doping & cladding pump LP, , LP,,, LP,, ,» LP,, 0. 60 Ref. [23]
Step fiber Layered doping &. core pumping LP, , LP,,, LP,, , LP,, 2.50 Ref. [17]

Ring core fiber Core pumping LP, ., LP,,, LP,,, LP;,, LP,, 0. 60 Ref. [22]
Ring core fiber Layered doping &. cladding pump L.P, . LP,, LP, , LP,, 0.45 Proposed

5 g A ZEWI®

Xt FM-EDFA 4 #5534 5 il K K 386 25 34 15 1 B
PEAT THESE . FEISAFST A R R UL R B T 2
BRI EOC L AT LS AR DMG, 2R, 't 41 il 1
T LBk B4 0 FM-EDFA 1Y Jil K Pk BE & ¥ 1
RO S BOTE B R BRI ST 9 S A L X PR O £ 7
Tt AR A B ARG Bl X FM-EDFA 4 AE 9 52 i 1F
11 TIRAWFSE

TG F AT TR RS 48 2 R e 2 %
FM-EDFA ¥ 8C R 52w, an &l 7 fros. Al LA
WY 2 TWRE N, M R T E
N, (915 % e B D 2 [ B 7E — 10 96 ~ 10 %6 114 31 [l 14
LI, FM-EDFA ) DMG ¥{% T 0. 85 dB, X %
BB MR R . Y N, R N, [R] 3 [R] R B
15385 /N DMG, 4§ N, 1 N, 28 ki, DMG
B K, R 7T WA B I X, FM-
EDFA W HEREA BT N, P AR SO S 8 Tk
JE BB A% DR UE B4 1 349 67 4 1 ) 3 o R rp i R 1Y
FH B 745 2R Uk B i 22 %) FM-EDFA Y g 19 5% i 4%
/N,

T3 Ah B A S HUR 5 e 22 X5F DMG /95 i B A
e WA o X AR, A& 8 s . Y a, JR S
B sa, 75 —10% ~10% & [ N 1) 42 fb 2 51 2 DMG

(B AL, B @, RS AR 0% A2 47 i . DMG I
INLBEF @) TF RO ZE 10 % 8 S i AR E —10%
. DMG ZE#i K . M o, W EHEH o, 7
—10% ~10% v Fl 4 25 fk B, DMG A8 {7y, 3% %
A e o 2o R e R T2 IR 4 s ) @ A
%, Ma, Ma, 7£—10%~10% 5 B P [ 625 4k,
DMG M 0.42 dB #8401 % 0. 84 dB . 25 ¥4 2 % 1 i
T i 2 X 4 4 A R R N, B R BT 4
FM-EDFA H A F i W HOR i 8UR

DMG /dB
10 S 0.8420
2 1 0.7890
o 0.7360
8 4
= 2 | 0.6830
“g 0f 0.6300
& -2 B 0.5770
t &
°© “é ' - 0.5240
. ; 0.4710
10 - e 0.4180
%0 8-6 -4-2 0 2 4 6 8 10

Offset of N, /%

7 DMG RS N, F1 N, f#% &k g2 1k
Fig. 7 DMG varying with offsets of N, and N,
ST SE b B L SE B o T ot AR, SR A
Monte Carlo J7 Xt FM-EDFA B9t R 4T T 9k —
Horhr., wEMETFWE N, M N, M3 a,

0406001-6



£ 4235 £ 4H/2022

2 A/RFFR

DMG /dB
10 0.6440
s 0.6164
6
. 0.5888

§

T 2 0.5611

20 0.5335

% -2 0.5059
‘2 0.4783
. / 0.4506
_10 0.4230

210 8 6 -4 -2 0 2 4 8 10
Offset of a, %

& 8 DMG Ffi a; Fll a, fiFs A4S fk

Fig. 8 DMG varying with offsets of a, and a,
Mla, WAL EYI N —10%~10%, & KREREA
KU W98 T FM-EDFA £y DMG 5315 $5 Pk, 25 5
WE 9 FrR. ATLVRI, YL S8k & ARG, i
% FM-EDFA Pk fig ™ & % L) , FM-EDFA ] DMG
KT 1 dB RMERAENL 1K 5] 90. 65% , KW IriE FM-
EDFA 45 76 52 LK DMG J5 1 B A 8 4 1 & 1%
P

0.15

E}OJO
%
2
S
& 0.05F

0

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
DMG /dB
K9 DMG i i F ik
Fig. 9 Distribution characteristic of DMG
:b N
6 én e

RGN TR THE T ZBERAOLA A
JZFEH FM-EDFA, 3@ i R FH AL )2 58 0 F1 A 25 26
SRUZ B 2y )y 2, BT A 4 B4 (P,
LP,, ,LP, ,LP,) FM-EDFA 4 i %[5 i i K
FIURE () 1 25 ¥y . RO AE R KWL Y FM-
EDFA FR4E T BUZ B R HGIA—4 3.5 pm 1Y
YRR I, 4 B B B K DMG B 0. 43 dB, Ik
Sk BT FM-EDFA 784 C J Bt (1530 ~1565 nm)
HA M 22 dB A 45 /N T 0. 45 dB 1y DMG
PLEART 5.3 dB MR A R4k, [RIRT, 4 C P By
ti I EEART 1 dB. &5, 201 17 DMG X't £F il
T 22 1Y A AL A5 R AR W T § FM-EDFA B A

W Ra E . IE A, BT A 2 R 45 Y FM-
EDFA A 8RR T Z 50 0 il A F & 4= 5 58 i
T K MDM H1{5.

Z £ x #
[1] Essiambre R J, Foschini G, Winzer P, et al.
Capacity limits of fiber-optic communication systems
L C J//2009 Optical  Fiber
Communication, March 22-26, 2009, San Diego,
CA, USA. New York: IEEE Press, 2009: 1-37.
[2] Essiambre R J, Mecozzi A. Capacity limits in single-

Conference  on

mode fiber and scaling for spatial multiplexing[C]//
OFC/NFOEC, March 4-8, 2012, Los Angeles, CA,
USA. New York: IEEE Press, 2012: 12760867.

[3] Alam S U, Jung Y M, Kang Q Y, et al. Recent
progress in the development of few mode fiber
amplifiers[C]//2015 Optical Fiber Communications
Conference and Exhibition (OFC), March 22-26,
2015, Los Angeles, CA, USA. New York: IEEE
Press, 2015: Tu3C.1.

[4] Peil, Li Z Q, Wang J S, et al. Review on gain
equalization technology of fiber amplifier using space
division multiplexing[J]. Acta Optica Sinica, 2021,
41(1): 0106001.

e, AL, EHE, S 2435 T A R AR
fR AR R AT R SR (] . Sb%4, 2021, 41(1):
0106001.

[5] Hayashi T, Tamura Y, Hasegawa T, et al. 125-um-
cladding coupled multi-core fiber with ultra-low loss
of 0.158 dB/km and record-low spatial mode
dispersion of 6.1 ps/km"? [C]//2016 Optical Fiber
Communications Conference and Exhibition (OFC),
March 20-24, 2016, Anaheim, CA, USA. New
York: IEEE Press, 2016: Th5A.1.

[6] Ferreira F M, Fonseca D, da Silva H ] A. Design of
few-mode fibers with M-modes and low differential
mode delay [J]. Journal of Lightwave Technology,
2014, 32(3): 353-360.

[7] Xie Y H, Pei L, Zheng J J, et al. Design of steering
wheel-type ring depressed-core 10-mode fiber with
fully improved mode spacing [J]. Optics Express,
2021, 29(10): 15067-15077.

[8] Sakamoto T, Matsui T, Saitoh K, et al. Low-loss
and low-DMD few-mode multi-core fiber with highest
core multiplicity factor [ C J]//Optical  Fiber
Communication Conference Postdeadline Papers,
March  20-22, 2016, California.
Washington, D.C.: OSA, 2016: Th5A.2.

[9] XieY H, Pei L, Zheng J J, et al. Low-DMD and

low-crosstalk few-mode multi-core fiber with air-

Anaheim,

0406001-7



MR

E 4% F48/2022 F 2 B/RFFIR

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

trench/holes assisted graded-index profile[J]. Optics
Communications, 2020, 474: 126155.
Liu C, Pei L, Xie Y H,

crosstalk  few mode

et al. Design of low
fiber

Chinese Journal of

multi-core based on
heterogeneous structure [ ] .

Lasers, 2020, 47(11): 217-223.
Xg, Fw, FEAE, S RS RpRORZ
ot U], P EEOE, 2020, 47(11): 217-223.
Wada M,

Cladding pumped randomly coupled 12-core erbium-

Sakamoto T, Yamamoto T, et al.

doped fiber amplifier with low mode-dependent gain
[J]. Journal of Lightwave Technology, 2018, 36(5):
1220-1225.

Ma L, Tsujikawa K, Hanzawa N, et al. Design and
fabrication of low loss hole-assisted few-mode fibers
with consideration of surface imperfection of air holes
[J]. Journal of Lightwave Technology, 2016, 34
(22): 5164-5169.

Kasahara M, Saitoh K, Sakamoto T, et al. Design of
three-spatial-mode ring-core fiber [ J]. Journal of
Lightwave Technology, 2014, 32(7): 1337-1343.
Sillard P, Bigot-Astruc M, Boivin D, et al. Few-
mode fiber for uncoupled mode-division multiplexing
transmissions [ C]//37th European Conference and
Exposition on Optical Communications, September
18-22, 2011, Geneva. Washington, D. C.: OSA,
2011: Tu.5.LeCervin.7.

Sillard P, Molin D, Bigot-Astruc M, et al. Low-
DMGD 6-LP-mode fiber [C]//OFC 2014, March 9-
13, 2014, San Francisco, CA, USA. New York:
IEEE Press, 2014: M3F.2.

Ip E, Bai N, Huang Y K, et al. 88X 3 X 112-Gb/s
WDM transmission over 50 km of three-mode fiber
with inline few mode fiber amplifier [ C]//37th
European Conference and Exposition on Optical
Communications, September 18-22, 2011, Geneva.
Washington, D.C.: OSA, 2011: Th.13.C.2.
Zhang Z Z, Guo C, Cui L, et al. All-fiber few-mode
erbium-doped fiber amplifier supporting six spatial
modes[]J]. Chinese Optics Letters, 2019, 17 (10):
100604.

Zhao Q H, Zhang Z Z, Zhao N B, et al. Optimizing
the erbium doped profile to equalize the modal gain in
few mode erbium doped fiber amplifier[J]. Laser &
Optoelectronics Progress, 2016, 53(3): 030602.
A, iRR, BT, SF. UL A o A
SEID BB AL OR AR AR B A LT WOk S
JaH TR, 2016, 53(3): 030602,

Yung Y, Alam S, Li Z, et al. First demonstration of

multimode amplifier for spatial division multiplexed

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

0406001-8

transmission systems[C]//37th European Conference

and Exposition on Optical Communications,
September 18-22, 2011, Geneva.
C.: OSA, 2011: Th.13.K.4.

Bai N, Ip E, Wang T,

amplifier with

Washington, D.
et al. Multimode fiber

tunable modal gain using a
reconfigurable multimode pump[J]. Optics Express,
2011, 19¢(17): 16601-16611.

Bai N, Ip E, Luo Y H, et al. Experimental study on
multimode fiber amplifier using modal reconfigurable
[ C J//Optical Fiber
March 4-8, 2012, Los Angeles,
California. Washington, D.C.: OSA, 2012: OWI1D.

3.

pump Communication

Conference,

Gaur A, Rastogi V. Modal gain equalization of 18
modes using a single-trench ring-core EDFA []].
Journal of the Optical Society of America B, 2018, 35
(9): 2211-2216.

Kang Q Y, Lim E L, Jung F P, et al. Minimizing
differential modal gain in cladding-pumped EDFAs
supporting four and six mode groups [J].
Express, 2014, 22(18): 21499-21507.
Wang W S, Ning T G, Pei L, et al. Gain equalization
fiber amplifier based
algorithm [ J]. Acta Optica Sinica, 2021, 41 (9):
0906001.

ESCHE, TR, W, . A THEE RSB
EFROOR i 3 4 M (1], d6F 544l 2021, 41(9):
0906001.

Lim E L, Jung Y, Kang Q, et al.
demonstration of cladding pumped few-moded EDFA

Optics

of few-mode on genetic

First

for mode division multiplexed transmission[C]//OFC
2014, March 9-13, 2014, San Francisco, CA, USA.
New York: IEEE Press, 2014: M2J.2.

Jung Y, Lim E L, Kang Q, et al. Cladding pumped
EDFA for division multiplexed
transmission [ J]. Optics Express, 2014, 22 (23):
29008-29013.

Giles C R, Desurvire E. Modeling erbium-doped fiber

few-mode mode

amplifiers [J]. Journal of Lightwave Technology,
1991, 9(2): 271-283.

Zhang Z 7, Zhao Q H, Zhao N B, et al. Bi-
EDFA [ C]//Asia
Communications and Photonics Conference 2014,
November 11-14, 2014, Shanghai. Washington, D.
C.: OSA, 2014: ATh3A.

Gong M L, Yuan Y Y, Li C,

modeling of transverse mode competition in strongly

directionally-pumped few-mode

Numerical

et al.

pumped multimode fiber lasers and amplifiers [J].

Optics Express, 2007, 15(6): 3236-3246.



